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Elsevier1. Introduction
Unconformity-related uranium deposits constitute approximately
33% of the Earth’s proven uranium reserves (Singh et al., 2002;
Jefferson et al., 2007). Today, all of Canada’s uranium production
is from deposits of this type, with active mining concentrated
mainly in the Athabasca Basin of Saskatchewan (Jefferson et al.,
2007; Le Carlier de Veslud et al., 2009). The largest and highest
grade unconformity-type uranium deposits in the world occur in
Paleoproterozoic sedimentary basins, particularly in Saskatchewan,
Canada, and Northern Territory, Australia; whereas many smaller
and lower grade unconformity-type uranium deposits are found in
much youngerMesozoic basins in southern China (e.g., Wang et al.,
2002). Geological, structural, geochemical and mineral paragenetic
studies suggest that uranium deposits of this type may form by the
mixing of an oxidized fluid circulating in basinal sandstones with
Figure 1 Geological sketch of the Chanziping ore deposits.
Figure 2 2-D conceptualized model showing major rock units and
unconformity surface in the Chanziping ore district.
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unconformity (Cuney andKyser, 2008; Boiron et al., 2010). Despite
this general understanding, the mechanisms of fluid flow, and the
heat and mass transport required for ore formation are still not fully
understood. In particular, it is unclear what actually controlled the
focusing of fluids into specific areas.
Computational efforts have beenmade to simulate hydrothermal
fluid flow associated with the formation of unconformity-related
uranium deposits. For instance, Schaubs et al. (2005) modeled 2-D
fluid flow driven by tectonic deformation for the McArthur River
and Cigar Lake deposits in the Athabasca Basin, and Barrie (2006,
personal communication) conducted 2-Dfinite elementmodeling of
fluid flow driven by buoyancy due to heat for the same basin with
particular reference to the McArthur River deposit area. However,
no attempt has so far been made to simulate ore-forming fluid flow
for much younger Mesozoic unconformity-related uranium
deposits.
This paper aims at a numerical modeling of ore-forming fluid
flow related to the formation of the Chanziping deposit, southern
China. A series of numerical experiments of fully coupling
tectonic deformation, fluid flow and heat transport are conducted
by using a finite difference code FLAC (Itasca, 2002) to quantify
the role of structural control in governing fluid flow and the
resultant ore-forming processes in the targeted area.
2. Geological background and conceptualized
model
The Chanziping unconformity-related uranium deposit, located in
the Zongfeng Basin straddling the Guangxi and Hunan provinces
of southern China (Fig. 1), was discovered in the middleelower
Cambrian sedimentary successions and structurally-hosted belowthe unconformity between late Mesozoic Cretaceous red sand-
stone and Paleozoic Cambrian granitic basement. The main ore
controlling structure is uranium-rich shear zones hosted and sur-
rounded by Cambrian black shale.
The uranium deposit occurs in the limbs of the Chanziping
syncline located at the southeastern margin of the Jiangnan paleo-
uplift (Huang et al., 1985; Xu et al., 1988). The folding of the
SinianeCambrian carbonaceous, siliceous and argillaceous sedi-
mentary rocks in the Caledonian formed an anticlinorium, which
was accompanied by the formation of massive Caledonian granitic
batholiths. The Cambrian strata and the overlying cretaceous red
clastic sedimentary rocks are separated by an unconformity.
The ore-bearing lower Cambrian Qingxi Formation, mainly
composed of carbonaceous and siliceous shale, experienced weak
slate facies metamorphism (Huang et al., 1985; Kang and Liu,
1991). This formation can be divided into six layers from
bottom to top, and the ore body is concentrated mainly in the third
and forth layers being composed of black carbonaceous
pyrite-bearing siliceous slate and carbonaceous slate (Huang et al.,
1985). The uranium mineralization was controlled by a fracture
Table 1 Rock material parameters assigned for the model.
Rock types Density
(kg/m3)
Bulk modulus
(Pa)
Shear modulus
(Pa)
Cohesion
(Pa)
Tensile
(Pa)
Permeability
(m2)
Friction
angle()
Dilation
angle ()
Porosity
Granite 2650 4.95  1010 2.90  1010 4.00  106 4.00  105 2.00  1016 30 3 0.20
Shale 2500 2.80  1010 6.50  1010 3.00  106 3.00  105 1.00  1019 30 4 0.15
Sandstone 2450 1.67  1010 1.25  1010 1.50  107 1.50  106 1.00  1015 20 3 0.18
Fault 2400 2.30  108 3.00  107 1.00  106 5.00  105 1.00  1014 15 4 0.30
Table 2 Thermal parameters assigned for the model.
Rocks Specific
heat
capacity
(J/kg K)
Linear
thermal
expansion
coefficient
(106/K)
Conductivity
(W/m K)
Fluid
volumetric
thermal
expansion
(106/K)
Grain
volumetric
thermal
expansion
(106/K)
Granite 790 7.90 3.0 474 23.7
Sandstone 839 11.60 2.4 686 34.8
Fault 2000 13.90 2.0 824 41.7
Shale 600 10.40 2.0 620 31.4
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and Liu, 1991). In addition, a regional fault was developed at the
contact between the Qingxi Formation and the granitic intrusion
(i.e., the Xuechengling granite), extending several tens kilometers
in NNE-direction (Kang and Liu, 1991). Uranium mineralization
occurs in its hanging wall. The ore-forming temperature ranges
from 150 to 350 C (Huang et al., 1985). Uranium-lead dating of
uranium-rich rocks (including carbonaceous siliceous slate and
uranium-rich quartz veins) and pitchblende showed that the main
ore-forming stage was around 75  4 Ma and the deposit
exhibited multi-stage mineralization (43  7 Ma and 22  2 Ma)Figure 3 Pore pressure distribution and fluid flow velocity vectors. a:
m/s); b: without the precipitation included (the max flow rate is 1.568 (Huang et al., 1985). Moreover, Huang et al. (1985) proposed that
the formation age of the Qingxi Formation was ca. 523  16 Ma.
Structural studies indicate that tectonic activities were
dominated by folding in the Caledonian and extension in late
Yanshanian, and the extensional stress was a major tectonic force
when the deposit was formed during the Yanshanian in the tar-
geted district (Huang et al., 1985; Chen et al., 2002).
Based on the existing geological, geophysical, and structural
data as well as the preserved remnants of the Chanziping ore
district and the constraints from petrographic and fluid inclusion
studies, a 2-D conceptualized hydrological model is constructed to
describe the fluid plumbing system when the deposit was formed.
As illustrated in Fig. 2, the deposit-scale model is 1500 m wide
and 600 m deep, involving four main rock units: Cretaceous red
sandstone, Cambrian black shale, Caledonian granite and Yan-
shanian granite basement. The black shale layer is partitioned by
a fault (Fault B) simulating the structural fracture zone between
the third and forth layers of the Qingxi Formation and bounded on
the right by a thrust fault (Fault A) simulating the NNE-direction
regional fault. The uranium ore bodies are hosted below the
unconformity separating the Cretaceous red sandstone and the
Cambrian black shale and close to the joint of the two faults.
The sides and bottomof themodel are assumed tobe impermeable
to fluid flow, while the upper boundary is assumed permeable. Initial
pore pressure is equal to the hydrostatic value. Structural studies inwith the precipitation included (the max flow rate is 1.624  1010
1010 m/s).
Figure 4 Effect of the dipping angle of Fault B. a: 73 (the max flow rate is 1.568 1010 m/s); b: 69 (the max flow rate is 1.262 1010 m/s);
c: 89 (the max flow rate is 2.323  1010 m/s).
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when the deposit was formed during the Yanshanian. Thus, a hori-
zontal velocity boundary condition reflecting the extension is applied
to the side boundaries. Fault A and B are simulated as weak narrow
zones to channel fluid flow. The mechanical properties and thermal
parameters assigned to these units are tabulated respectively in Table
1 and Table 2, based on field data and literatures (Luo and Ye, 1998;
Hu et al., 2008; Ju and Yang, 2010).Figure 5 Pore pressure and fluid flow vectors corresponding to the case t
1.8919  1010 m/s.3. Numerical modeling results
Numerical calculations are undertaken by using a finite difference
code FLAC (Fast Lagrangian Analysis of Continua) (Cundall and
Board, 1988), in which rock masses are represented as continua by
mean mechanical and fluid flow properties. According to
a prescribed non-linear stress/strain law, elements will deform in
response to the applied boundary conditions. The rheology of thehat the unconformity functions as a flow pathway. The max flow rate is
Figure 6 Volumetric strain distribution in the model (min Z 1.0  103, max Z 1.0  102).
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MohreCoulomb material with non-associated plasticity (Vermeer
and de Borst, 1984; Hobbs et al., 1990; Ord and Oliver, 1997), and
fluid flow is assumed to obey Darcy’s law. Thermal volumetric
strains are introduced into the incremental mechanical and fluid
constitutive laws to account for thermal-stress and thermal-pore
pressure couplings.
In this paper, numerical modeling is employed to investigate in
particular the effect of meteoric water precipitation, the dip angle of
faults, unconformity surface, and thermal input on uranium
mineralization since these factors are thought by geologists to have
played an important role in the ore-forming processes in the study
area. An 8% extension is applied to the side boundaries to simulate
the extensional tectonic stress during uranium mineralization.
In the first scenario, a precipitation rate of 1.0  1010 m/s (in
the same order of natural light rain) is applied on the upper
boundary. Fig. 3 illustrates pore pressure distribution and fluid
flow velocity vectors with the precipitation included (Fig. 3a) and
without it (Fig. 3b). Comparing Fig. 3a with Fig. 3b indicates that
meteoric water enhances fluid infiltration through the overlying
permeable red sandstone and leads to a stronger fluid flow into the
faults at a higher flow rate. The oxidized meteoric water leaches
uranium minerals from the red basin fill and carries them with the
flowing water. The oxidized meteoric water channeling into the
faults mixes with the reduced basal fluids from the basement,
which allows uranium to precipitate in the fault zone. This
modeling result is supported by the evidence from fluid inclusion
results (e.g., Huang et al., 1985). Obviously, the effect of meteoric
water on uranium mineralization will become greater when the
precipitation rate increases, and vice versa.
In the second scenario, various dip angles of Fault B are consid-
ered. Fig. 4 shows the pore pressure contours and fluid velocityFigure 7 Temperature contours and fluid flow vevectors corresponding to a dipping angle of 69 (Fig. 4b), 73
(Fig. 4a) and 89 (Fig. 4c), respectively. It can be seen that the dipping
angle has an important effect on pore pressure and fluid velocity field,
in particular along the fault zone. The larger the dipping angle is, the
greater the fluid velocity becomes. Nevertheless, all cases exhibit that
fluid flow tends to converge in the joint of the two faults A and B,
indicating that it is the favorable locale for ore genesis.
So far, the unconformity has been considered only as an
interface separating the Cretaceous red sandstone and the under-
lying Cambrian black shale. Noticing that it could be a preferen-
tial flow pathway due to the presence of highly permeable
weathered regolith around the unconformity, thus in the third
scenario, a 15 m width permeable layer is used to simulate the
unconformity surface. The other conditions are kept the same as
before. Numerical results are shown in Fig. 5. Clearly, the
unconformity surface as a flow conduit facilitates the fluid flow
over the solution domain. As a result, the maximum flow rate in
the joint of the two faults is now 1.819  1010 m/s, higher than
that without considering the unconformity as a flow pathway.
Fig. 6 illustrates the distribution of volumetric strain, from which
it is clear that there is a volume increase or dilation around the
unconformity surface and along the left hand side of the model,
indicating an intensive shearing during deformation, which can
lead to a permeability variation. The volumetric increase or dila-
tion around the unconformity allows more fluid flow to travel
therein, which in turn facilitates fluid flow to focus into the faults.
In the above numerical experiments, no thermal regime has
been taken into account. Previous geochemical and fluid inclusion
studies have shown that the temperature of ore-forming fluid flow
ranges from 150 C to 350 C in the study area (Huang et al.,
1985). In the last scenario, therefore, a heat flux of 70 mw/m2 is
applied to the bottom of the model. Other thermal parameters arectors. The max flow rate is 2.190  1010 m/s.
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fluid flow field. It can be seen that the flow velocity in this
scenario is higher than that without taking into account the heat
effect. In addition to enhancing the fluid flow rate, the thermal
input also drives the basal fluid to flow upwards to mix with
downwelling basinal fluid due to the extensional stress in the joint
of the two faults and surrounding area, over which uranium
minerals are deposited at a simulated temperature of about 200 C,
consistent with the geochemical and fluid inclusion results.
4. Conclusions
Our modeling results have indicated that the extensional stress and
thermally-induced buoyancy force are the two major mechanisms
responsible for the ore-forming fluid flow and the resultant ore
genesis in the Chanziping ore district, south China. Aided by these
two forces, the oxidized basinal fluid migrates downwards through
the red basin fill and then channels into the faults, and finally
mixes with upwelling reduced basal fluid from deep basement at
the junction of the two faults leading to the formation of the
Chanziping uranium deposit.
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